Background: Eribulin mesylate is a synthetic macrocyclic ketone analogue of Halichondrin B that has demonstrated high antitumor activity in preclinical and clinical settings. This phase I study aimed to determine the maximum tolerated dose (MTD), dose-limiting toxicities (DLTs), and pharmacokinetics in combination with cisplatin (CP) in patients with advanced solid tumours.
eribulin has potent antiproliferative activity against several cancer cell lines, including lung, breast, pancreatic, lymphoma, prostate, melanoma, and colorectal cancer (Towle et al, 2001 (Towle et al, , 2012 . Budman et al, 2004 , using the SK-BR3 cells, demonstrated synergistic effect of E7389 (halichondrin B analogue) in combination with cisplatin. In addition, eribulin produced tumor regression in a variety of human tumor xenograft models (Towle et al, 2001 (Towle et al, , 2012 .
A first-in-human phase I study of eribulin mesylate conducted by the California Cancer Consortium established a maximum tolerated dose (MTD) of 1.4 mg m À 2 , given on days 1, 8, and 15 of a 28-day cycle. Responses included two partial responses (PR) (lung, bladder) and three minor responses (lung, breast, and thyroid), with 12 patients exhibiting stable disease as the best response, lasting a median of 4 months (range 2-14 months). Two dose-limiting toxicities (DLTs) occurred at 2.0 mg m À 2 per week (one grade 3 and one grade 4 febrile neutropenia) and serious nonhaematologic toxicities included hypoglycemia, hypophosphatemia, and fatigue (Synold et al, 2005) . A subsequent phase I trial reported by Goel et al Enroled patients with advanced solid malignancies. Thirty-two patients were treated with eribulin mesylate on days 1, 8, and 15 every 28 days. The MTD was determined to be 1.0 mg m À 2 and the principal DLT was neutropenia. Most frequent drug-related adverse events were grades 1-2 fatigue, nausea, and anorexia. Interestingly, eribulin mesylate exhibited a low incidence of neuropathy (Goel et al, 2009 ). Tan et al reported a phase I trial of eribulin mesylate administered to patients on days 1 and 8 every 21 days. Twentyone patients with advanced solid tumours were enroled, and the MTD of eribulin mesylate was established at 2 mg m À 2 . Febrile neutropenia was the dominant DLT with all three patients in the 4 mg m À 2 cohort experiencing it. (Tan et al, 2009 ). Eribulin mesylate is approved by Food and Drug Administration for the treatment of patients with metastatic breast cancer who were previously treated with anthracycline and taxane therapy and at least two prior regimens based on phase III EMBRACE trial (Cortes et al, 2011) . The current label dose for eribulin mesylate is 1.4 mg m À 2 on days 1 and 8 of a 21-day cycle. Preclinical studies of the combination of cisplatin and paclitaxel, showed that paclitaxel inhibited the repair of DNA adducts formed by platinum agents (Parker et al, 1993) . Several clinical trials, which have evaluated various doses and treatment schedules for paclitaxel and cisplatin, have confirmed that the combination of paclitaxel and cisplatin has an enhanced antitumor effect (Gatzemeier et al, 1998) . This led to the hypothesis that combining cisplatin and a microtubule interacting agent such as eribulin mesylate, which has a different mechanism of action from paclitaxel or docetaxel, has potential for increased anticancer activity. Eisai tested the ability of eribulin mesylate to interact with existing cytotoxic drugs in combination studies with carboplatin, gemcitabine, doxorubicin, and docetaxel. The in vitro combination of eribulin mesylate and carboplatin in NSCLC cell lines H23 and H522-T1 demonstrated additive affects (Eisai Medical Research Inc., 2007) .
On the basis of these findings, the present study was designed to investigate the combination of eribulin mesylate and cisplatin with the objective to determine the MTD and DLT, safety, tolerability, pharmacokinetic (PK) profile, as well as tumor response.
PATIENTS AND METHODS
Patients. Eligible patients enroled in the study were at least 18 years old and had histologically confirmed malignancy that was metastatic or unresectable and for which standard curative or palliative measures did not exist. Patients were allowed two or fewer prior chemotherapy regimens for advanced disease. Prior neoadjuvant or adjuvant chemotherapy was allowed if received X6 months before. Patients were required to have Eastern Cooperative Oncology Group (ECOG) performance status p2, life expectancy 43 months, and adequate function of all major organs (including bone marrow, liver, kidney, and lungs). Exclusion criteria included having received chemotherapy or investigational therapy within 4 weeks (6 weeks for nitrosoureas or mitomycin C) before study initiation, prior cumulative dose of cisplatin greater than 300 mg m À 2 , failure to successfully complete local therapy for brain metastasis and women who were pregnant or breast-feeding. Additional exclusion criteria included a positive human immune virus test, any medically uncontrolled cardiovascular illness, and preexisting grade 2 or higher neuropathy.
The protocol was approved by the Institutional Review Board at each participating institution. The study was conducted in accordance with the Declaration of Helsinki, and all the patients gave written informed consent before treatment.
Study design and dose escalation. Eribulin mesylate was supplied by Eisai Inc., and distributed by Cancer Therapy Evaluation Program/National Cancer Institute as 1 mg per vial (0.5 mg ml À 1 per 2 ml fill) solution in ethanol/water (1 : 19). Patients received the study medication as an intravenous bolus (defined as administration within 5 min) on days 1, 8 and 15 of a 28-day cycle (cohorts 1-4) and on days 1 and 8 of a 21-day cycle (cohorts 5-6). Cisplatin was administered after eribulin mesylate as an intravenous infusion on day 1 every 28 days (initial cohorts) and every 21 days (later cohorts). Concomitant use of other medications or treatments was allowed, with the exception of antitumor-directed therapies or medications or substances with known or suspected drug-drug interactions with eribulin mesylate or cisplatin. Prophylactic use of colony-stimulating factors was permitted after cycle 1 of eribulin mesylate and cisplatin treatment, according to the American Society of Clinical Oncology guidelines.
The starting dose of eribulin mesylate in this study was based on a previous phase I study in which grade 3 toxicity first occurred at 0.5 mg m À 2 and the MTD was established at 1.4 mg m À 2 (Synold et al, 2005) In the current phase I combination study, the starting dose of eribulin mesylate was 0.7 mg m À 2 and of cisplatin was 60 mg m À 2 . Dose escalation was conducted using a standard 3 þ 3 design. If none of three patients experienced a DLT, three additional patients were treated at the next dose level. If a DLT attributable to the study drugs was experienced in exactly 1/3 patients in the first cycle, three more patients (for total of 6) were treated at that dose level. If no additional DLT was observed at the expanded dose level (i.e., 1/6 experienced a DLT), the dose was escalated. Escalation stopped as soon as two or more patients experienced a DLT attributable to the study drugs in the first cycle at the given dose level. The MTD was based on toxicities observed during the first cycle and defined as the highest dose tested in which fewer than 33% of patients experienced a DLT attributable to the study drug(s), when at least six patients were treated at that dose and evaluable for toxicity.
Clinical assessment. Medical histories and demographic data were collected at screening. Physical examinations and laboratory tests were done at screening and then weekly. Imaging studies of involved cancer sites were done within 4 weeks prior to enrolment and every two cycles. Response was assessed using Response Evaluation Criteria in Solid Tumours (Therasse et al, 2000) . Adverse events were evaluated and graded using the National Cancer Institute Common Toxicity Criteria, version 3.0., until 30 June 2011, and version 4.0 thereafter. Relationship to study treatment, as assessed by investigators, was also evaluated. A DLT was defined as any Xgrade 3 treatment-related non-haematologic toxicity (excluding alopecia, controllable nausea and vomiting, and serum triglycerides o1500 mg dl À 1 that recovered within 1 week),
Xgrade 4 thrombocytopenia, Xgrade 4 febrile neutropenia Phase I study of the halichondrin B analoguerequiring hospitalisation, or treatment delay of 42 weeks as a result of unresolved toxicity during the first cycle of therapy.
Pharmacokinetic methods. Patients were asked to give a total of 14 blood samples (7 ml of heparinised blood per sample) over a 7-day period after the first doses of eribulin mesylate and cisplatin. Blood samples were kept on ice and processed within 1 h of phlebotomy by centrifugation (1500 r.p.m., 10 min, 4 1C). Plasma was transferred to appropriately labelled polypropylene tubes and stored at oÀ 70 1C until analysis. Eribulin mesylate concentration in plasma was determined using an liquid chromatography-tandem mass spectrometry assay method developed and validated in the City of Hope Analytical Pharmacology Core facility. Briefly, after the addition of an internal standard (ER-076349) and acidification with hydrochloric acid, plasma was extracted with six volumes of dichloromethane. The organic phase was evaporated to dryness, reconstituted in mobile phase, and analysed by gradient liquid chromatographic separation on a C18 column with tandem mass spectrometry detection. Recoveries of eribulin mesylate and internal standard from plasma and urine by this method were 460%. The mass spectrometry settings were as follows: capillary voltage ¼ 2.90 kV, cone voltage ¼ 58 V, collision cell voltage ¼ 18 V, source temperature ¼ 125 1C, desolvation temperature ¼ 300 1C, cone gas flow ¼ 150 l h À 1 , and desolvation gas flow ¼ 550 l h À 1 . The mass transitions monitored for eribulin mesylate and the internal standard were 730.5-712.5 and 731.6-681.4 m/z, respectively. The intra-and inter-day precision and accuracy of the method were within ± 10% of target values over the entire range of the standard curve, with a lower limit of quantitation of 0.1 ng ml À 1 from a starting sample volume of 0.2 ml.
Platinum concentrations in plasma for evaluation of cisplatin PKs were also determined in the Analytical Pharmacology Core facility at City of Hope, using a validated atomic absorption assay as previously described (Synold et al, 2007) . The method has a limit of quantification of 10 ng ml À 1 and an intra-day and interday precision and accuracy within±10%.
PK data analyses were performed using non-compartmental methods according to the rule of linear trapezoids. Individual PK parameter estimates (e.g., C max , V ss , CL sys , t 1/2 , and area under the curve (AUC)) were determined for eribulin mesylate and cisplatin for each patient and tabulated by dose level with summary statistics (means and coefficients of variation).
RESULTS
Demographics and treatment. Thirty-six patients with advanced solid malignancies were enroled on the study. All the patients were eligible for toxicity and response evaluation. Demographic and baseline characteristics are summarised in (Table 1 ). The median patient age was 61 (range: 24-76) years. Primary tumor types included lung cancer (nine patients), gastrointestinal cancer (10 patients), head and neck (six patients), breast cancer (four patients), adrenal gland (two patients) and renal, bladder, ovary, liver, sarcoma (one patient each). Nine patients had not received prior chemotherapy and 11 patients had one prior chemotherapy regimen. The majority of patients had an Eastern Cooperative oncology group value of 0-1 (92%).
Patients received treatment in two different dosing schedules (Table 2) . Twenty three patients treated on dose levels 1-4, received eribulin mesylate on days 1, 8 and 15, every 28 days, in combination with cisplatin on day 1. The protocol was amended after dose level 4 (cisplatin 60 mg m À 2 , eribulin mesylate 1.4 mg m À 2 ), when it was not feasible to administer eribulin mesylate on day 15 because patients developed neutropenia. The treatment schedule was changed to eribulin mesylate administered on days 1 and 8 and cisplatin on day 1, every 21 days. Thirteen patients (dose levels 5-6) were treated on the 21-day schedule. Reasons for discontinuation of study treatment included progressive disease (23 patients), toxicity (four patients), physician discretion (five patients), and withdrawal of consent (four patients).
Dose-limiting toxicities and maximum tolerated dose. Among patients treated on the 28 day schedule with eribulin mesylate on days 1, 8 and 15, and cisplatin on day 1, a DLT of grade 4 febrile neutropenia was observed in one patient treated at dose level 2 (eribulin mesylate 1.0 mg m À 2 , cisplatin 60 mg m À 2 ). One patient treated at dose level 3, (eribulin mesylate 1.2 mg m À 2 , cisplatin 60 mg m À 2 ) experienced grade 3 anorexia, grade 3 hypokalemia and grade 3 fatigue. A DLT of grade 3 stomatitis and fatigue was observed in one patient at dose level 4 (eribulin mesylate 1.4 mg m À 2 , cisplatin 60 mg m À 2 ) ( Table 3) . Due to neutropenia, frequently limiting the ability to deliver day 15 eribulin mesylate, and a desire to avoid long delays between cisplatin treatments, the protocol was amended at this point and six patients were treated at dose level 5 on the 21-day schedule (eribulin mesylate 1.4 mg m À 2 , cisplatin 60 mg m À 2 ). Two of these patients experienced DLTs (one grade 3 hypokalemia/hyponatremia and one grade 3 mucositis). Per protocol design, because two of six patients experienced a DLT at dose level 5, the eribulin mesylate dose was reduced one level to 1.2 mg m À 2 and as a review of the data on the 28-day schedule already demonstrated the 21-day schedule at 1.2 mg m À 2 day 1, 8, and cisplatin at 60 mg m . Notably, all DLTs were observed in patients exposed to at least two prior lines of systemic chemotherapy, including two prior regimens for advanced disease and prior adjuvant and neoadjuvant therapies (Table 3) .
Adverse events. The most frequently reported adverse events (all grades) that were considered possibly or probably related to the study drugs were neutropenia (78%), anaemia (58%), and fatigue (39%) ( Table 4) . Grades 3 or 4 toxicities that were considered related to study treatment included neutropenia (25 patients), hypokalemia (seven patients), febrile neutropenia (four patients), anaemia (four patients), nausea (four patients), fatigue (four patients), hyponatremia (four patients), mucositis (three patients), anorexia (two patients), low platelets (two patients), with one patient each with diarrhoea, low albumin, elevated bilirubin, dysphagia, low magnesium, infection, infarct, low phosphate, thrombosis, and vomiting. Clinical manifestations of the neuropathy, including numbness, tingling, paraesthesia, hypostesia, or sensory loss, which were considered to be possibly or probably related to the study drugs, were observed in three patients (grade 2). There were no hypersensitivity reactions and no treatment related deaths on study.
Pharmacokinetics. Thirteen patients were evaluated for the first dose eribulin mesylate and cisplatin PKs. Eribulin PK parameters are summarised by dose in (Table 5) . Because of the narrow dose range, small number of patients per group, and wide inter-patient PK variability, the mean eribulin and cisplatin C max and AUC 0-inf did not increase in a dose-proportional manner. The mean eribulin systemic clearance (CL sys ) when given at a dose of 1.2 mg m À 2 together with 60 or 75 mg m À 2 cisplatin, or at a dose of 1.4 mg m À 2 given with 60 mg m À 2 cisplatin was 1.6±0.7, 2.2 ± 0.2, and 2.3 ± 0.9 l h À 1 , respectively. The mean eribulin V ss values were 51.4±25, 68.4±27, and 77.7±36 l, respectively. The mean plasma terminal elimination half-lives were 40.8 ± 11 l and 35.5±5, and 36.5±10 h, respectively.
Clinical outcome/antitumor activity. Among the 36 evaluable patients, there were four PR (one patient with pancreatic cancer and two prior therapies, one patient with inflammatory breast cancer who had not received prior therapy, one patient with oesophageal carcinoma and two prior cytotoxic therapies, and one patient with bladder transitional cell carcinoma and 1 prior chemotherapy. Twelve patients experienced stable disease (five patients with non-small-cell lung cancer, five with head and neck carcinomas, one with ovarian adenocarcinoma, and one with pancreatic adenocarcinoma). The median number of weeks on treatment for all 36 patients was 15 (range 2-32), and the median number of cycles at the MTD was 4.5 (2-8), corresponding to 19 weeks (6-28). The median number of weeks on treatment received by patients with PR or SD was 23 (range 11-32) ( Table 6) .
DISCUSSION
This study has established a recommended phase II dose of eribulin mesylate 1.2 mg m À 2 given as an intravenous bolus on days 1 and 8 in combination with cisplatin 75 mg m À 2 on day 1 of a 21-day cycle in patients with advanced solid tumours. The observed DLTs were related to febrile neutropenia, hypokalemia, fatigue, hyponatremia, anorexia, stomatitis, and mucositis. On the third dose level of the initial 28-day treatment schedule (eribulin mesylate administered on days 1, 8, and 15), neutropenia-related treatment delays resulted in three of nine patients being inevaluable for dose-escalation decisions because of the inability to administer the third dose of eribulin mesylate while maintaining cisplatin dosing on time. Neutropenia has been reported in clinical trials with eribulin mesylate, and this finding is consistent with preclinical observations of reversible bone marrow toxicity that was also dose limiting in rats and dogs (Tosca et al, 2008; Goel et al, 2009; Tan et al, 2009) . Eribulin mesylate has been studied as a single agent in phase II trials in patients with breast and lung cancer, for which patients were initially treated with 1.4 mg m À 2 on days 1, 8, and 15 of a 28-day cycle. In these studies, many patients were unable to received eribulin mesylate on day 15 because of neutropenia (20). Our study was amended to administer eribulin mesylate on days 1 and 8 of a 21-day cycle. Anaemia was the second most common haematologic toxicity occurring in our study, and was expected because both cisplatin and eribulin mesylate are bone marrow suppressing cytotoxic agents. The observed hypokalemia most likely occurred secondary to cisplatininduced renal potassium loss, and responded well to potassium supplementation (Fillastre and Raguenez-Viotte, 1989). Phase I study of the halichondrin B analogue BRITISH JOURNAL OF CANCER Fatigue (39%), anorexia (25%), low potassium (22%), mucositis (19%), and vomiting (17%) were the most common nonhaematologic toxicities, and this side-effect profile is comparable with that reported previously with eribulin mesylate, as well as cisplatin used as a single agent or in combination (Gatzemeier et al, 1998; Cortes et al, 2011) . Notably, neuropathy, an adverse event that is expected of a tubulin-targeting agent, was not a common toxicity on this study (Lee and Swain, 2006) . Only three patients experienced grade 2 neuropathy, which occurred during cycles 5-8 of treatment.
One patient who experienced neuropathy had received prior oxaliplatin, which possibly increased the risk. Peripheral neuropathy is a major DLT associated with platinum agents commonly used in the clinic. Among the platinum compounds, cisplatin is the most neurotoxic, inducing mainly peripheral sensory neuropathy (Amptoulach and Tsavaris, 2011) . In this phase I study, combining two neurotoxic drugs did not increase incidence of neuropathy. However, the median number of cycles patients received in this study was 3, and it is possible that longer exposure to both agents would increase the incidence and severity of neurotoxicity. The observation that all DLTs occurred in patients who had received two or more prior cytotoxic regimens may suggest that the dose of this combination may need to be refined in future studies depending on the patient population. We are also presenting this information to help guide others with related phase I designs as they consider eligibility criteria and the goals of a study. Although efficacy was not a specified end point of this study, we observed PR in two patients (one with oesophageal cancer and one with transitional bladder carcinoma). Another two patients (1 with pancreatic cancer and one with breast cancer) had unconfirmed PR. Thirteen patients who had a variety of solid malignancies achieved stable disease. Eleven patients with lung, head and neck, ovarian, and pancreatic cancer exhibited stable disease for 18 weeks or more (Table 6 ). These results support the development of this combination for treatment of solid tumours.
An additional objective of this study was to evaluate the PK profile of eribulin mesylate and cisplatin when used in combination. Thirteen patients were evaluated for first-dose eribulin and cisplatin PKs, and there was no apparent effect of cisplatin coadministration on the disposition of eribulin mesylate when compared to previously reported single agent data (Goel et al, 2009; Tan et al, 2009) . Because renal excretion does not represent an important route of elimination for eribulin mesylate (o8% of an administered dose is recovered in urine), it is not surprising that cisplatin does not alter eribulin mesylate clearance. 
Grade, n (%)  2  3  4  2  3  4  2  3  4  2  3  4  2  3  4  2  3 In conclusion, eribulin mesylate administered as an intravenous bolus on days 1 and 8 in combination with cisplatin appears well tolerated and shows preliminary anticancer activity. Overall, the manageable tolerability profile and the encouraging activity in this dose finding study support further clinical development of this combination for treatment of solid tumours. Since most DLTs observed in this study occurred in patients who had at least two prior lines of chemotherapy, we postulate that in chemotherapy naive patients, delivering full doses of eribulin mesylate and cisplatin is feasible. Further studies of this combination in frontline therapy for bladder, breast, pancreatic, head and neck, and lung cancer are warranted. 
